We examined plasma concentrations of corticosterone (CORT) and testosterone in male free-living and captive spotted salamanders, Ambystoma maculatum (Shaw, 1802), to determine if (i) they mounted significant CORT responses to conspecifics in captive enclosures during potential competition for limited burrows; (ii) artificially induced, increased breeding densities altered CORT and testosterone levels in a free-living population; and (iii) testosterone in free-living males varied seasonally. We found increased baseline CORT in captive male spotted salamanders exposed to conspecifics under high densities (4 animals with only 1 burrow). Original residents of the cage, however, had significantly higher baseline CORT titers than did newly introduced animals, and titers were significantly higher in animals cohabiting a burrow than those remaining outside the burrow. This suggests that spotted salamanders perceive conspecifics as threats for burrows and become stressed when forced to share these resources. In contrast, free-living spotted salamanders during breeding showed no significant increases in baseline CORT or testosterone in high-density treatments. This suggests that increased adult density during breeding is not stressful to these salamanders. Finally, spotted salamanders had greater plasma testosterone titers in fall than in spring, suggesting that they are dissociated breeders.
Introduction
Many pool-breeding salamanders of the family Ambystomatidae (mole salamanders) use two or more habitats during their life cycle (e.g., Madison 1997; Regosin et al. 2003a) . During breeding events, large numbers of adults migrate from terrestrial habitat to ephemeral ponds during early spring months, after which courtship, breeding, and egg deposition take place in the pond. After breeding, adults migrate back to the upland habitat where they spend the majority of their life cycle each year. Population levels of mole salamanders, like many other pond-breeding amphibians, are traditionally believed to be regulated by density-dependent processes during the aquatic larval stage (Petranka 1989; Scott 1994; Van Buskirk and Smith 1991) . However, the majority of studies supporting this idea focus on larval ecology (e.g., Wilbur 1977; Scott 1994; Denver 1997) , and some recent work evaluates the possible role of density-dependent processes during the adult or terrestrial stages (Pechmann 1995; Windmiller 1996; Rothermel and Semlitsch 2002; Regosin et al. 2003a ). In contrast, plethodontid salamanders, many of which are terrestrial throughout their life cycle, often exhibit density-dependent competition and predation among adults (e.g., Bachmann 1989; Keen and Reed 1985) .
We investigated endocrine responses of spotted salamanders, Ambystoma maculatum (Shaw, 1802) , to crowding conditions designed to simulate terrestrial and breeding settings. One type of physiological response to crowding is the stress response, whereby individuals respond by releasing glucocorticoids (Wingfield and Romero 1999; Romero et al. 2000) . Glucocorticoids elicit physiological and behavioral changes that enable an animal to better cope during stressful events (Sapolsky et al. 2000; Wingfield and Romero 2001) . The primary glucocorticoids found in amphibians are aldosterone and corticosterone (CORT) (Jungreis et al. 1970; Norris 1980) , and the roles of CORT in amphibians are similar to those described for other vertebrates (Wingfield and Romero 2001) . Increased CORT in amphibians can suppress reproductive behaviors, reduce androgen concentrations (Moore and Miller 1984; Zerani 1991) , and affect time to metamorphosis (Denver 1997) . Anthropogenic environmental stressors can increase circulating CORT in amphibians (Hopkins et al. 1997 (Hopkins et al. , 1999 Homan et al. 2003a) , although few studies have described glucocorticoid responses in free-living ambystomatid salamanders. Studies examining CORT in ambystomatid salamanders have shown increased circulating CORT levels during breeding (Houck et al. 1996) and increased levels associated with degradation of habitat (Homan et al. 2003a (Homan et al. , 2003b .
Our goal was to determine if adult crowding of spotted salamanders has associated physiological responses like those observed in rodents (e.g., Brown and Grunberg 1995) , birds (e.g., Nephew and Romero 2003) , and other amphibians (e.g., Hayes 2000; Glennemeier and Denver 2002b) . Crowding for this species can occur during competition for mates (Chapman et al. 1998; Rogovin et al. 2003) , or in terrestrial (nonbreeding) habitat where spotted salamanders exhibit conspecific aggression (Ducey and Ritsema 1988; Ducey 1989; Ducey and Heuer 1991) and avoidance (Windmiller 1996; Pechmann 1995; Regosin et al. 2003a Regosin et al. , 2004 .
Methods
We used nonlethal methods to obtain circulating concentrations of CORT and testosterone from spotted salamanders during different experimental manipulations of densities under simulated breeding and terrestrial conditions in field and laboratory settings. Captive animals used in the laboratory (terrestrial) experiments were sampled only for CORT, because it is known that many amphibian species dramatically decrease circulating androgen concentrations once brought into captivity (Moore and Miller 1984; Zerani 1991) .
Experiment 1: field breeding densities
Spotted salamanders were collected using funnel traps (Aquatic Ecosystems MT1, Apopka, Florida) around the perimeter of a breeding pond in Framingham, Massachusetts (42°17′N, 71°25′W), during 2002 and 2003 breeding seasons (March-April) . Detailed temperatures during these experiments were not available, although evening temperatures often fell to 0°C, while daytime temperatures were above freezing. During rainy evenings, salamanders migrate to breeding pools from upland habitat and encounter and enter funnel traps placed in the pool (Heyer et al. 1994) . Traps were placed in the pond at ≥5-m intervals on rainy evenings during breeding bouts and left for up to 15 h. Animals were removed from funnel traps the following morning and placed in field enclosures at either low or high densities. Enclosures were a 60 cm × 60 cm × 30 cm frame of 2-cm PVC pipe surrounded by 0.4-cm nylon mesh. Enclosures were placed in the pond in 20-30 cm of water, where salamanders typically breed at this field site (M.D. Cooperman, personal observation). Leaves and branches from the pool bottom were placed inside enclosures to allow substrates for females to place egg masses.
The four high-density enclosures contained 12 males and 2 females, while the four low-density enclosures contained 4 males and 1 female. These density treatments were based on prior estimates of population size at the site and surface area of the breeding pool (M.D. Cooperman, unpublished data), and approximated natural high and low breeding densities at this site. Once placed in their respective enclosures, animals were left for approximately 48 h, at which time blood samples were taken for subsequent hormone analysis. Males deposit spermatophores immediately upon entering a pool containing females (Petranka 1989) , and we observed spermatophores in all enclosures. Bleeding was done at night, when animals are naturally active.
Whole blood for CORT analysis was obtained from spotted salamanders within 5 min of removing enclosures from the pond. Blood was taken by inserting a 26-gauge needle into the ventral side of the tail, near the midline (Homan et al. 2003a (Homan et al. , 2003b , and collecting up to 60 µL of upwelling blood using heparinized microhematocrit capillary tubes (Fisher Scientific, St. Louis, Missouri) . Preliminary data showed no significant difference in CORT titers between 3 and 5 min for this species (M.D. Cooperman, unpublished data), so <5-min samples were assumed to represent baseline titers. Blood samples for testosterone analyses were obtained from spotted salamanders within 15 min of removing enclosures from the pond. Blood samples were stored on ice until returning to the laboratory. The four fall samples analyzed for testosterone comprised two pooled samples (representing 10 individuals) and two individual samples to provide adequate plasma for the assay. Blood samples were collected in the same manner for all experiments reported here, except that laboratory studies did not require storing whole blood samples on ice. All animals bled in this and the following experiments were males.
Experiment 2: terrestrial burrow alone versus shared
In this experiment, as well as the next three experiments, we compared circulating CORT titers under a variety of crowding conditions where burrow availability was limited. Plastic laboratory enclosures measuring 27 cm × 37 cm × 17 cm were filled with approximately 12 cm of moist potting soil and compacted so that spotted salamanders were not able to excavate additional burrows. Within each enclosure, burrows were constructed with hardware cloth cut into strips and formed into half cylinders 4.5 cm in diameter so that the bottom of the burrow would have a soil substrate for spotted salamanders to reside upon (see also Regosin et al. 2003a Regosin et al. , 2004 . Thirty adult spotted salamanders of similar size (mean snout-vent length = 92 mm, range = 82-100 mm) were purchased from a distributor (Charles D. Sullivan Co.) in the Nashville, Tennessee, area (36°7′N, 86°41′W) who captured animals in February 2003 from natural breeding ponds during spring migration to breeding sites. Spotted salamanders were held overnight and shipped the following day to our facility, where they were given 12-14 d to acclimate before the initiation of any experiments. During acclimation animals were housed individually on a 11 h light : 13 h dark cycle, and laboratory temperatures ranged between 16 and 21°C throughout the experiments. Spotted salamanders were fed crickets dusted with a vitamin supplement approximately every 4-6 d; any food items remaining at the start of an experiment were removed to eliminate competition for food during the trials.
This experiment included two treatments: 1 animal in an enclosure with 1 burrow (1:1 treatment) and 2 animals in an enclosure with 1 burrow (2:1 treatment). Treatments were intended to compare stress levels associated with having a limited resource (the burrow). At the end of the acclimatization period, 10 animals were transferred to a novel enclosure for 1:1 treatment. Although these animals already were housed in 1 animal : 1 burrow enclosures, this move controlled for the effects of transferring animals, and of any potential effect of territory familiarity. For the 2:1 treatment, 20 animals were transferred to 10 enclosures, each with 1 burrow and 2 animals per enclosure. All animals were transferred between the hours of 1600 and 1800, and animals were bled at 0900 the following morning to avoid diurnal rhythms in CORT titers. Because this species is nocturnal, samples were taken after an active period together. Upon the collection of blood samples from all individuals, spotted salamanders were returned to 1 animal : 1 burrow enclosures for 14 d to recover. These enclosures had new soil to avoid the potential effects of scenting on the experiment. This time was also used to establish residency for experiment 3.
Experiment 3: resident-intruder
Spotted salamanders were allowed to establish residency in 1 animal : 1 burrow enclosures for 14 d, when 15 animals (Intruders) were moved into enclosures, 1 intruder per enclosure, each containing a resident. As with experiment 1, treatments were initiated between the hours of 1600 and 1800. We were unsure whether the amount of time animals spent together would affect baseline CORT titers, so animals in seven enclosures were bled the following morning at 0900, and animals from the other enclosures were bled at 0900, 5 d after the experiment began. Upon collection of blood samples from all individuals, salamanders were returned to 1 animal : 1 burrow enclosures, with new soil, for 14 d to recover. Salamanders then were randomly assigned resident or intruder status to be used in a treatment consisting of 1 resident having 3 intruders introduced into the enclosure (4:1 treatment). This was intended to create a situation that increased competition for a limited resource, the burrow. Animals were sampled at 0900 the next morning as described in the above experiments and the location of individuals, in or out of the burrow, was recorded at the time of sampling.
Experiment 4: physiological challenges -ACTH, anesthesia, saline
Studies of stress responses use physiological challenges to confirm that the study organism can mount a stress response (e.g., Romero 2002) . We carried out four physiological challenges after all other experiments were completed: injections of 2 doses of ACTH (adrenocorticotropic-releasing hormone; Sigma Chemical Company, St. Louis, Missouri), anesthesia, and a saline control. ACTH is secreted by the pituitary and stimulates corticosterone release (Wingfield and Romero 2001) . ACTH dissolved in approximately 10 µL of 0.9% saline was injected in 20 IU ACTH/kg body mass and 60 IU ACTH/kg body mass doses. Each salamander was injected ventrally just inside the hind limbs (inguinal region). Control animals were administered approximately 10 µL of a 0.9% saline solution in the same manner. The remaining animals were anesthetized by being bathed in a solution of 85% eugenol in amphibian Ringer's solution (Marc's modified Ringer's solution: 1 mol NaCl/L, 20 mmol KCl/L, 10 mmol MgCl 2 /L, 20 mmol CaCl 2 /L, 50 mmol HEPES/L, pH 7.5). Eugenol is the active ingredient in clove oil and is a successful anesthetic for amphibians (Lafortune et al. 2001 ). Animals were submersed for 6-7 min in the solution and were determined to be lightly anesthetized when they could no longer right themselves after being rolled onto their dorsal side. Administration of anesthesia is generally considered one of the most stressful events experienced by vertebrates (Tinnikov 1999; DeKeyser et al. 2000; Small 2003) . In all challenge experiments, blood samples were taken from each individual at three time intervals: before any injection or anesthesia, 15 min after injection or sedation, and 30 min after treatment.
Radio-immunoassay
Blood samples were centrifuged at approximately 400g for 6 min and plasma was removed and stored at -20°C. CORT and testosterone assays were performed by radioimmunoassay after samples were extracted in redistilled dichloromethane as previously described (Wingfield et al. 1992) . Briefly, tritiated hormone markers were used to determine the amount of steroid recovered throughout the assay. After samples were extracted with dichloromethane, they were dried under nitrogen gas, resuspended in a phosphatebuffered saline, and split into paired assay tubes with a third aliquot transferred to a scintillation vial to estimate recovery. Sample data were obtained by adding tritiated hormone and the appropriate antibody (B3-163 for CORT and T3003 for testosterone; Endocrine Sciences, Calabasas, California) to the resuspended extracts. Charcoal was added to adsorb unbound steroid. Bound and unbound fractions were separated by centrifugation, the bound fraction was decanted and counted, and unknown hormone samples were plotted against a standard curve of known concentrations and adjusted by the determination of the percent recovery. Interassay variation, determined by using a sample pool of European Starling (Sturnus vulgaris L., 1758) plasma in each assay, was 4.1% for CORT and 4.5% for testosterone. Intra-assay variation was 3.4% for CORT and 2.9% for testosterone.
Results

Experiment 1: effect of field breeding densities on CORT and testosterone
From the four high-density and four low-density enclosures, we bled 54 animals, with 26 successfully assayed for CORT titers. The remaining samples were used in testosterone analyses and, where sufficient plasma was obtained, individual samples were used in both hormone analyses. We found no significant effect of treatment on CORT titers in wild spotted salamanders (ANOVA, F [1, 24] = 11.7, p > 0.10; Fig. 1 ) with the high-density treatment having a mean (±SD) of 1.00 ± 1.59 ng/mL CORT and the low-density treatment having a mean (±SD) of 3.17 ± 4.75 ng/mL CORT. A twoway ANOVA of testosterone and treatment showed fall testosterone titers to be significantly higher than spring testosterone titers (F [2, 27] = 16.81, p < 0.001), but no significant difference was detected for spring samples at the different population densities (p = 0.97).
Experiment 2: CORT concentrations with 1 and 2 animals per burrow
We found no significant difference in CORT titers between individuals housed alone with a single burrow 
Experiment 3: resident-intruders
We found no effect of length of time after introducing intruders on intruder or resident CORT titers (F [1, 22] = 0.012, p = 0.915), so results were combined for analyses. We found significant main effects of status (resident versus intruder) and number of intruders on CORT titers, and a significant interaction (for model: F [3, 34] = 10.27, p < 0.001; for each effect separately: type III sums of squares, F [1, 34] = 11.48 and 28.29, p < 0.002 for both, respectively; Fig. 3a) . To separate the effects of the interaction, we reanalyzed the data by number of intruders. When there was only 1 intruder, there was no significant difference between intruder and resident baseline CORT values (F [1, 22] = 0.60, p = 0.45); however, with multiple intruders, resident baseline CORT titers were Fig. 1 . Mean (±SD) corticosterone (CORT) and testosterone (T) titers in free-living male spotted salamanders (Ambystoma maculatum) at high-density (HD) and low-density (LD) treatments during the spring breeding season, and in T during fall migratory movements; numbers above the bars are sample sizes. No significant differences were found for the effect of treatment on either steroid hormone titers, but there were significant differences in T titers when compared across seasons (p < 0.001).
Fig. 2.
Mean (±SD) corticosterone (CORT) titers in spotted salamanders under two terrestrial burrow treatments: 1 animal, 1 burrow and 2 animals, 1 burrow. IN or OUT refers to the location of spotted salamanders with respect to burrows after treatment periods. There were no significant effects either of being alone versus sharing, or of the location of spotted salamanders at the end of the treatment period (in or out of burrows). Numbers above bars represent sample sizes for each group. significantly higher than intruder titers (F [1, 12] = 6.79, p = 0.02; Fig. 3a) . When we added location (in or out of burrow) and reduced the model by removing non-significant interactions, the model fit improved to R 2 = 0. Fig. 3b ).
Experiment 4: physiological challenges
We found a significant effect of treatment on CORT titers (repeated measures ANOVA using the PROC MIXED with unstructured covariance matrix (SAS Institute Inc. 2003), F [3, 25] = 4.01, p < 0.02; Fig. 4 
Spotted salamander husbandry
At the completion of all laboratory experiments, salamanders had a mean (±SD) mass increase of 22.1%; only a single animal lost mass (-6.5%) and the greatest mass gain by an individual was 32% of its original body mass.
Discussion
The spotted salamander is not considered an aggressive urodelan species, although several studies have shown that they are capable of showing aggressive or defensive behaviors such as biting (Ducey 1989; Ducey and Heuer 1991) . This might be because few resources are considered potentially limiting for this species; however, there are suggestions that terrestrial burrows during the nonbreeding season (Madison 1997; Regosin et al. 2003a Regosin et al. , 2003b and females during mating (cf. Houck et al. 1996 ) could be limiting. Our studies were intended to determine if a potential limitation of resources owing to adult crowding was associated with particular endocrine responses. The only work to date identifying a physiological stress response to crowding in amphibians has been on larval crowding in anuran species (Hayes 2000; Denver 2002a, 2002b) . Decreased food availability or increased intraspecific density of premetamorphic leopard frogs (Rana pipiens Schreber, 1782) resulted in increased whole body corticosterone concentrations Denver 2002a, 2002b) , and endogenous CORT increased with larval density in western toads (Bufo boreas Baird and Girard, 1852) (Hayes 2000) . Additionally, increased production of glucocorticoids by larval amphibians can result in reduced growth and slowed development during early developmental stages (Denver 1997; Hayes 2000; Denver 2002a, 2002b) .
Salamanders of the genus Ambystoma (mole salamanders) appear to require burrows during the terrestrial portion of their life cycle (Ducey 1989; Loredo et al. 1996; Madison 1997) . However, they do not appear to be able to excavate their own burrows, so they occupy existing small-mammal burrows during nonbreeding periods (Madison 1997) . The lack of consistent aggressive behaviors in spotted salamanders is characterized by their not excluding conspecifics from burrows even when burrows are limited (Regosin et al. , 2004 . Studies have shown, however, that when given additional burrows to occupy spotted salamanders will occupy separate burrows more often than expected by chance (Regosin et al. 2004 ). This supports the idea that when given the opportunity individuals avoid one another (Smyers et al. 2001) , so number of available burrows might limit adult population sizes (Ducey and Ritsema 1988; Ducey and Heuer 1991; Madison 1997; Regosin et al. 2003a Regosin et al. , 2004 ). An ecologically similar species, the fire salamander (Salamandra salamandra (L., 1758)), uses and perhaps defends burrows formed in the crevices of stone walls (Rebello and Leclair 2003) .
Partly consistent with this observation, we observed increased circulating CORT under high animal densities relative to burrow availability (4 animals, 1 burrow), but not under lower densities (2 animals, 1 burrow). This was unexpected as prior hypotheses proposed that even at low densities the cost of sharing burrows would favor aggressive behavior in spotted salamanders (Ducey and Ritsema 1988) . This behavior is expressed more clearly when there are resident and intruder individuals. In captive studies, Regosin et al. (2004) found intruders to be less likely to occupy a burrow in the presence of a resident. Resident advantage and social dominance has been documented in other urodelan species (Cupp 1980; Ducey and Ritsema 1988) and appears to be common in territorial species. We did not detect significantly different baseline CORT values between residents and intruders under low densities (1 resident : 1 intruder) in the laboratory, but we did under high densities. The lack of elevated circulating CORT titers at low densities might be inconsistent with the behavioral observations of Regosin et al. (2004) and others (Ducey and Ritsema 1988) , and the pattern we found was that residents had almost twice as much baseline CORT than intruders. However, if this pattern is real, we do not know if this represents a normal, healthy response to intrusion or a response that could have significant fitness consequences. During the 4:1 experiments, three to four salamanders were frequently found together in a single burrow at the time of sampling. Although prior studies found spotted salamanders sharing artificial burrows (Ducey and Ritsema 1988; Ducey 1989; Regosin et al. 2004) , none reported sharing at such high densities. In the 4:1 experiment, salamanders found in the burrow had a higher mean CORT titer than did salamanders found outside the burrow at the end of a treatment period. This supports the idea of the importance of the burrow to spotted salamanders, and the inability of individuals to exclude conspecifics (Ducey and Ritsema 1988; cf. Walls 1990; Regosin et al. 2003a Regosin et al. , 2004 .
A graded response to crowding has been reported in European Starlings, but it was the resident's baseline CORT titer that increased, rather than the intruder's (Nephew and Romero 2003 ). Small-mammal research on stress hormone responses to crowding also demonstrates that crowding results in increased circulating glucocorticoid concentrations (Eccard and Ylonen 2002; Rogovin et al. 2003) . This raises the possibility that the increased circulating CORT we detected might have been due to crowding rather than to burrow competition per se. However, our observation that residents were more affected than were intruders argues against this. Consequently, we propose that the elevated circulating CORT concentration in residents was due to competition for a resource valuable to the resident.
An alternative potential limiting resource for male spotted salamanders is mates. We predicted that increased intraspecific densities during breeding would increase circulating titers of CORT, but the density of animals in pools during breeding does not appear to affect circulating CORT titers. Our pilot work during the previous (2002) breeding season, however, suggested elevated corticosterone titers in the high-density treatments (mean low-density treatment = 2.48 ng/mL, mean high-density treatment = 7.70 ng/mL; F [1, 22] = 3.61, p = 0.07; M.D. Cooperman unpublished data). These different results might be explained by the differences in environmental conditions between the two breeding seasons, where the 2002 breeding season was atypically dry resulting in extremely limited breeding habitats. The role of CORT during breeding in amphibians has not been consistent, as some species have been shown to have highest plasma concentrations during breeding events (Dupont et al. 1979; Pancak and Taylor 1983) , while in other species elevated plasma CORT concentrations inhibit reproductive behaviors (Moore and Miller 1984; Moore and Zoeller 1985) . Overall, amphibians tend to have higher CORT concentrations during breeding than at other times of the year (Romero 2002) .
Although we found a lack of CORT responses in several of the experiments, the physiological challenge experiment demonstrates that the hypothalamic-pituitary-adrenal (interrenal) axis was functional. All four treatments showed an increase in CORT concentrations over 30 min, although only the 60 IU ACTH/kg body mass dose showed a significant increase from the other treatments. This suggests that the salamander's inter-renal tissue was capable of secreting excess CORT when administered supraphysiological levels of ACTH, but that the animals' pituitary glands (i.e., endogenous ACTH release) were already maximally stimulated by saline alone. Furthermore, the lack of an enhanced CORT response to anesthesia suggests that animals interpreted anesthesia and saline treatments as equally stressful. In conclusion, the enhanced CORT release in response to these physiological challenges indicates that the lack of a CORT response in our density experiments likely indicates that those treatments were not stressful.
Our study is the first to our knowledge to describe seasonal patterns of sex steroids in spotted salamanders, and also the first to nonlethally collect plasma samples from a urodelan amphibian for sex androgen analysis. A study by Houck et al. (1996) examined sex androgens in related marbled salamanders, Ambystoma opacum (Gravenhorst, 1807), during the breeding period under laboratory confinement. They found plasma concentrations of DHT (dihydroxytestosterone) to be significantly correlated with plasma testosterone concentrations. Testosterone concentrations ranged from 2.9 to 78.3 ng/mL (mean = 26.8 ng/mL) during the breeding period. We did not distinguish between testosterone and DHT in our study and found that spotted salamanders showed higher testosterone titers during the fall (mean = 16.71 ng/mL, N = 4) than during the breeding period (mean = 2.01, N = 26 combined densities). Although sample sizes were low, the fact that fall testosterone titers were higher suggests that spotted salamanders may be a dissociated breeder, i.e., a strategy that is defined by a dissociation between peak gonadal activity (e.g., hormone titers, gametogenesis) and mating behaviors over time (Crews 1984; Gans and Crews 1992) . Several herpetofauna species have been described as dissociated breeders, including snakes (Moore et al. 2000) , plethodontid salamanders (Houck 1977; Woodley 1994) , and tiger salamanders (Norris et al. 1981 ). This strategy is predicted in explosive or strong seasonally breeding amphibians (Harvey et al. 1997) , and our results are consistent with this suggestion.
